Introduction {#Sec1}
============

Understanding the ultrafast response of condensed phase nanosystems to photoexcitation is essential for many research areas, including atmospheric science^[@CR1]^, radiation damage in biological matter^[@CR2],[@CR3]^, light-harvesting mechanisms in natural and artificial complexes^[@CR4],[@CR5]^, and photocatalysis^[@CR6]^. However, the complex couplings of electronic and translational degrees of freedom often present major theoretical challenges^[@CR7]^. In addition, the complexity of heterogeneous solid or liquid systems, as well as difficulties in preparing well-controlled samples and performing reproducible measurements, make it difficult to unravel the elementary steps in the relaxation process. In this respect, superfluid He nanodroplets are ideal model systems for studying the photodynamics in weakly-bound nanostructures, both experimentally and theoretically; He atoms have a simple electronic structure, interatomic binding is extremely weak, and the structure of He nanodroplets is homogeneous and nearly size-independent due to their superfluid nature^[@CR8],[@CR9]^. Exploring transient phenomena associated with superfluidity is a particularly intriguing aspect of He nanodroplet spectroscopy^[@CR10],[@CR11]^. By probing the dynamics of laser-excited molecular systems coupled to He droplets, one gains insight into the fluid dynamics, dissipation, and transport properties of a superfluid on the molecular scale^[@CR12]--[@CR14]^.

The properties of pure He droplets can be directly studied using electron bombardment or XUV radiation. From previous theoretical^[@CR15],[@CR16]^ and static photoexcitation studies^[@CR17]--[@CR23]^, the following dynamical response to resonant absorption of an XUV photon has been inferred: The electronic excitation created in the droplet localizes on an atomic or molecular center He$\documentclass[12pt]{minimal}
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                \begin{document}$$n=1,2,\ldots\!$$\end{document}$, within a few 100 fs^[@CR24]^. Subsequently, a void cavity or bubble forms around He$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}_{n}^{* }$$\end{document}$ due to Pauli repulsion between the excited electron and the surrounding ground state He atoms^[@CR21]^, which expands up to a radius of 6.4 Å^[@CR25]^ within about 350 fs^[@CR26]^. Depending on how close to the droplet surface the excitation localizes, the bubble either collapses before fully forming thereby ejecting He$\documentclass[12pt]{minimal}
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                \begin{document}$${}_{2}^{* }$$\end{document}$ out of the droplet, or remains in a metastable state inside the droplet^[@CR21]^. Using laser-based high-harmonic light sources^[@CR27]^, various ultrafast processes initiated by exciting high-lying states in the autoionization continuum of He nanodroplets have been revealed, including the emission of slow electrons^[@CR22]^, the ejection of Rydberg atoms and excimers^[@CR28],[@CR29]^, and ultrafast interband relaxation^[@CR23]^. However, the dynamics of low-lying states below the autoionization threshold and in particular the bubble formation have not been probed for pure He nanodroplets, neither at the strongest absorption band associated with the atomic He$\documentclass[12pt]{minimal}
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In the present study, we excite these lowest excited states to directly probe the relaxation dynamics of neutral pure He nanodroplets. The experiment is carried out using tunable XUV pulses generated by the seeded free-electron laser (FEL) FERMI^[@CR30]^. The comparison of time-resolved photoelectron spectra (PES) with time-dependent density functional theory (TD-DFT) calculations reveals an ultrafast three-step relaxation process. Despite the extremely weak binding of the He atoms in the droplets and the superfluid nature thereof, energy dissipation is very efficient even for the lowest excited states; more than 1 eV of electron energy is dissipated in \<1 ps due to the coupling of electronic and nanofluid nuclear degrees of freedom.

Results {#Sec2}
=======

Resonant two-photon ionization scheme {#Sec3}
-------------------------------------

The pump-probe scheme is sketched in Fig. [1](#Fig1){ref-type="fig"}. The gray shaded area in Fig. 1a shows the absorption spectrum of He nanodroplets taken from Joppien et al.^[@CR18]^; for reference, the He$\documentclass[12pt]{minimal}
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                \begin{document}$$*$$\end{document}$).Fig. 1Illustration of the pump-probe scheme.**a** The filled area represents the absorption spectrum of He nanodroplets taken from Joppien et al.^[@CR18]^. He atomic levels are shown on the right-hand side. **b** Potential curves of the singlet-excited He$\documentclass[12pt]{minimal}
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Time-resolved photoelectron spectra {#Sec4}
-----------------------------------

Examples of time-dependent PES measured by exciting He droplets to the $\documentclass[12pt]{minimal}
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                \begin{document}$$h\nu ^{\prime} =4.8$$\end{document}$ eV. The horizontal dashed lines indicate the electron energy corresponding to direct two-photon ionization of He. The panels on the right-hand sides show the electron spectra recorded at various fixed pump-probe delays. The bottom panels show the results of fitting the spectra with multiple peaks (area in (**c**), position in (**d**)).

The energy of peak D (Fig. [2](#Fig2){ref-type="fig"}d) rapidly decreases within $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t\ <\ 1$$\end{document}$ ps, followed by a slow decrease beyond 2.5 ps. Peak A slightly shifts from 0.9 to 0.8 eV within $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t\ <\ 1$$\end{document}$ ps and remains constant thereafter. Its linewidth is limited by the resolution of the spectrometer. The final peak position matches the electron energy expected for ionization of a He atom in the lowest excited singlet state,$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${T}_{{\rm{e}}}^{S,{\rm{atom}}}=E(1s2{s}^{1}S)+h\nu ^{\prime} -{E}_{{\rm{i}}}=0.8\ {\rm{eV}},$$\end{document}$$where *E*($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$1s2s$$\end{document}$ $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}^{1}S$$\end{document}$) = 20.6 eV. Therefore, we associate peak A with the ionization of a $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$1s2s$$\end{document}$ $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}^{1}S$$\end{document}$-excited He$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}^{* }$$\end{document}$ which is either weakly bound to the droplet surface or ejected into vacuum. This interpretation is supported by PES measured for various He droplet sizes presented in the Supplementary Fig. [1](#MOESM1){ref-type="media"} and discussed in Supplementary Note [1](#MOESM1){ref-type="media"}. While for larger droplets peak A appears slightly later and remains less intense in proportion to peak D, its position converges to the same final value ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$0.8\,$$\end{document}$ eV). Consequently, peak D is assigned to a He$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}^{* }$$\end{document}$ located further inside the He droplet such that it is energetically shifted up. This assignment is backed by the evolution of the He$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}^{+}$$\end{document}$ and He$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}_{2}^{+}$$\end{document}$ ion yields as a function of delay, see Supplementary Fig. [2](#MOESM1){ref-type="media"}. When exciting the He droplet to its $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$1s2s$$\end{document}$ $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}^{1}S$$\end{document}$ state at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$h\nu =21.0$$\end{document}$ eV (Fig. [2](#Fig2){ref-type="fig"}a), the initial position of peak D ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$1.2\,$$\end{document}$ eV) matches the electron energy one expects based on the droplet absorption spectrum (Fig. [1](#Fig1){ref-type="fig"}a),$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${T}_{{\rm{e}}}^{S,{\rm{drop}}}=21\,{\rm{eV}}+h\nu ^{\prime} -{E}_{{\rm{i}}}=1.3\,{\rm{eV}}.$$\end{document}$$At higher $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$h\nu$$\end{document}$, where mainly the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$1s2s$$\end{document}$ $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}^{1}P$$\end{document}$ droplet state is excited (Fig. [2](#Fig2){ref-type="fig"}b), feature D corresponds to a superposition of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}^{1}S$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}^{1}P$$\end{document}$ states which relaxes into the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}^{1}S$$\end{document}$ droplet state faster than the cross correlation of the two laser pulses ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$250\,$$\end{document}$ fs FWHM) and thus cannot be fully resolved. Note that not all droplets evolve into the atomic $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}^{1}S$$\end{document}$ state (peak A); in the final stage of relaxation, the state that converges to an energy 0.1--0.2 eV above the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}^{1}S$$\end{document}$ atomic value (feature D) and the atomic $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}^{1}S$$\end{document}$ state are nearly equally populated.

Potential energy curves of the He$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}_{2}^{* }$$\end{document}$ excimer {#Sec5}
----------------------------------------------------------------------

How can the extremely weakly bound, ultracold van der Waals He clusters induce ultrafast energy relaxation by up to 1.6 eV within 1 ps? To answer this question, we first consider the potential curves of the He$\documentclass[12pt]{minimal}
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Time-dependent density functional theory calculations {#Sec6}
-----------------------------------------------------

To simulate this process for He droplets in three dimensions, we carried out TD-DFT calculations for a He$\documentclass[12pt]{minimal}
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Besides visualizing the dynamics ensuing excitation of the droplet, the TD-DFT model allows us to simulate the time-dependent PES, see Methods section. Figure [4](#Fig4){ref-type="fig"}a shows the resulting electron kinetic energies $\documentclass[12pt]{minimal}
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The average of all curves in Fig. [4](#Fig4){ref-type="fig"}a, weighted by the geometric factor $\documentclass[12pt]{minimal}
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Discussion {#Sec7}
==========

From the comparison of the experimental and theoretical results, we can now map out the full picture of the relaxation dynamics of excited He nanodroplets: Initiated by the excitation of the $\documentclass[12pt]{minimal}
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Further relaxation proceeds within the $\documentclass[12pt]{minimal}
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Subsequently, the bubble migrates to the droplet surface and bursts to release a free He$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{*}$$\end{document}$ atoms that remain attached to the droplet surface further relax by forming He$\documentclass[12pt]{minimal}
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                \begin{document}$${}_{2}^{* }$$\end{document}$ as seen in time-independent measurements^[@CR19],[@CR20]^. The latter radiatively decay to the ground state after undergoing vibrational relaxation and partly detaching from the droplet^[@CR33]^.

The presented measurements show that it is now possible to follow the relaxation dynamics of free nanodroplets in great detail using ultrashort tunable XUV pulses. Diffractive imaging of He droplets and embedded impurities has recently attracted considerable attention^[@CR40]--[@CR42]^. However, direct time resolved imaging of the bubble dynamics is at the present stage challenging, given the small size of the bubbles and the expected low contrast. Further development of ultra-bright X-ray light sources is needed to enter the regime of atomic resolution in single clusters and will then deliver a wealth of detailed information. The present technique could be used for probing the photodynamics of more complex natural or synthetic nanosystems in various regimes of excitation of the valence shell^[@CR43]^ and even inner shells^[@CR44]^.

Methods {#Sec8}
=======

The experiments described were performed at the low density matter (LDM) end station of the seeded free-electron laser FERMI^[@CR30]^.

He droplet generation {#Sec9}
---------------------

The He nanodroplets were formed by expanding He gas from a high pressure reservoir (50 bar) through a pulsed, cryogenically cooled Even-Lavie nozzle at a pulse repetition rate of $\documentclass[12pt]{minimal}
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                \begin{document}$$10\,$$\end{document}$ Hz^[@CR45]^. The mean size of the He droplets formed in this way was controlled by changing the temperature of the nozzle in the range of 5--28 K.

Light sources {#Sec10}
-------------

Linearly polarized XUV pulses in the photon energy range 21.0--22.2 eV were provided by the FERMI free electron laser set to the 5th harmonic of the seed laser wavelength^[@CR46]^. The XUV pulses generated in this way have a bandwidth $\documentclass[12pt]{minimal}
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                \begin{document}$${<}0.1$$\end{document}$ eV and a temporal duration of about 100 fs FWHM. A Kirkpatrick-Baez mirror system was used to focus the FEL light to a spot size of 0.5 mm in the interaction region of the spectrometer. To minimize non-linear effects due to absorption of more than one photon per droplet the XUV pulses were strongly attenuated by a combination of a N$\documentclass[12pt]{minimal}
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                \begin{document}$${}_{2}$$\end{document}$ filled gas cell and an aluminum filter. The pulse energy in the interaction region was estimated to be 6 μJ.

The UV probe pulses (170 fs duration, 7 μJ pulse energy) were generated by frequency tripling part of the 775 nm Ti:Sa laser used to generate the seed light for the FEL. The UV pulses were focused to the same focal spot size as the XUV beam and superimposed with the XUV pulses in a quasi collinear geometry via reflection from a holey mirror. The temporal cross-correlation function was measured using two-photon ionization of He atoms via the He $\documentclass[12pt]{minimal}
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                \begin{document}$${}^{1}P$$\end{document}$ state. A Gaussian fit yields a FWHM of 250 fs.

Electron detection, data acquisition, and analysis {#Sec11}
--------------------------------------------------

PES from the He nanodroplets are recorded using a VMI spectrometer, in which electrons are accelerated by electrostatic optics imaged onto a position sensitive detector consisting of a 75 mm microchannel plate and phosphor screen assembly. For each step of the pump-probe delay of 50 fs delay, VMI spectrometer images from 2000 shots were saved. A background subtraction procedure was implemented in which the bunches of He nanodroplets were periodically desynchronized from the FEL pulses so that spurious signals such as scattered light could be subtracted. The VMI spectrometer images for each delay were then summed and subsequently inverted using the pBasex routine to extract the photoelectron kinetic energy and angular distributions^[@CR47]^.
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                \begin{document}$${}^{+}$$\end{document}$ potentials and transition dipole moment {#Sec12}
---------------------------------------------------------------------------------------------------
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                \begin{document}$${}^{* }$$\end{document}$--He interaction potentials corresponding to 2*s* and 2*p* He atomic asymptotes were obtained at the CC3-EOM level^[@CR48],[@CR49]^ by using the Psi4 code^[@CR50]^. The basis set was taken from ref. ^[@CR51]^. All the calculated potentials were corrected for basis set superposition errors by the counterpoise method of Boys and Bernardi^[@CR52]^.
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                \begin{document}$${}^{* }$$\end{document}$(2*s*)--He(1*s*) distance was evaluated at the multi-reference configuration interaction (MRCI) level using the Molpro code^[@CR53],[@CR54]^. The active space consisted of the molecular states originating from 1*s* and 2*s* atomic states. These calculations employed the basis set given in refs. ^[@CR55],[@CR56]^. The transition dipole induced by the inhomogeneous He density in the droplet surface region is calculated as the vector sum of dipole moments of a single He$\documentclass[12pt]{minimal}
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                \begin{document}$$| {\overrightarrow{\mu }}_{2s}^{{\rm{drop}}}| =0.17$$\end{document}$ Debye.

Time-dependent density function theory {#Sec13}
--------------------------------------

The dynamics of the excited He droplet was simulated using time-dependent density functional theory (TD-DFT) for droplets consisting of 1000 He atoms^[@CR15],[@CR16]^, to which the dynamics of the He$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{* }$$\end{document}$ atom is self-consistently coupled.

Due to the light mass of the He$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{* }$$\end{document}$ "impurity", its dynamics is followed by solving the Schrödinger equation for it, where the potential term is given by the He$\documentclass[12pt]{minimal}
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                \begin{document}$${}^{* }$$\end{document}$-droplet interaction. The expected high velocity of the impurity makes it advantageous to use the test-particles method for solving the Schrödinger equation^[@CR16],[@CR34]^. We obtain the excess energy transfered to the photoelectron as $\documentclass[12pt]{minimal}
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                \begin{document}$${U}^{* }(t)=\int \int d{\bf{r}}\ d{\bf{r}}^{\prime} \ {\Phi }^{2}({\bf{r}}^{\prime} ,t)\ \rho ({\bf{r}},t)\ {{\mathcal{V}}}_{{\rm{He}}-{{\rm{He}}}^{* }}(| {\bf{r}}^{\prime} -{\bf{r}}| ),$$\end{document}$$where $\documentclass[12pt]{minimal}
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